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Introduction
Carboxylesterases (CaEs) are enzymes from the a/b hydrolasefold that metabolize numerous endogenous and exogenous compounds by cleaving carboxylesters (RCOOR 0 ) into the corresponding alcohol (R 0 OH) and the carboxylic acid (RCOOH). [1] [2] [3] They have broad substrate specificity and play an important role in the detoxification of many insecticides 4 and pharmaceuticals. 5 It has also been suggested that CaE activity is important in cholesterol processing and fatty acid homeostasis; 5, 6 subsequently playing a role in cardiovascular disease. 7 CaEs exert their hydrolytic capability via a two-step serine hydrolase mechanism that involves the formation of a covalent acyl-intermediate attached to the catalytic serine. The intermediate is then released via hydrolysis generating the corresponding alcohol and acid. 4 CaEs can also perform transe- cocaine and alcohol 8 and the production of fatty acid ethyl esters (FAEEs) from fatty acyl-Coenzyme A (CoA) and ethanol. 9, 10 Both of these reactions result in an increase in toxicity over the parent compounds, demonstrating that CaE activity is not always a detoxification process. In humans, two major CaEs have been identified, hCE1 and hiCE (hCE2), which exhibit isoform-specific hydrolysis activity. For example, the anti-thrombogenic agents aspirin and clopidogrel are hydrolyzed by CaEs and are coadministered to patients at risk of acute coronary syndromes, 11 potentially resulting in drug:drug interactions that could affect the clinical efficacy. However, Tang and coworkers showed that aspirin is hydrolyzed predominately by hiCE and clopidogrel by hCE1. 12 On the other hand, clopidogrel treatment has been shown to inhibit the hCE1-mediated activation of the anti-influenza prodrug oseltamivir, demonstrating that drug:drug interactions can occur in CaE-mediated metabolism. 13 CaEs are ubiquitous enzymes and are found in a range of tissues including liver, kidney, small intestine and brain (see Ref. 14 and references therein). However, activity in plasma is species dependent and is low in humans. 5 CaEs are typically expressed in the epithelial of most organs, suggesting that these enzymes serve in a protective role against xenobiotic exposure. [14] [15] [16] Interest in this family of enzymes is steadily increasing and a number of recent advances have greatly expanded our understanding. The first mammalian crystal structure was published in 2002 and provided insight into the role that this enzyme plays in the hydrolysis of the chemotherapeutic agent CPT-11 (irinotecan-7-ethyl-10-[4-(1-piperidino)-1-piperidino]carbonyloxycamptothecin). 17 Since then, a number of follow-up structures have examined the interactions of hCE1 with a range of exogenous and endogenous substrates, including the Alzheimer's drug tacrine, 18 heroin and cocaine, 19 the cholesterol-lowering drug mevastain 20 , the breast cancer drug tamoxifen 20 and the chemical warfare agents soman and tabun. 21 These papers have provided useful data concerning the nature of CaE-mediated hydrolysis and explained some of the structural requirements for both substrate hydrolysis and catalytic inhibition. Because CaEs metabolize a range of pharmaceuticals, the use of inhibitors could potentially be valuable in modulating the efficacy of these therapeutics. 5 There is particular interest in the CaE-mediated activation of CPT-11, as hydrolysis of the parent compound in the small intestine to the active metabolite SN-38 (7-ethyl-10-hydroxycamptothecin) can lead to significant gastrotoxicity (e.g., mucosal damage resulting in diarrhea). 22 It has been proposed that the development of CaE inhibitors selective for the intestinal form of the enzyme (hiCE) could potentially ameliorate this side-effect, yet not affect the activity of other CaEs necessary for CPT-11 activation in situ. 23 The development of CaE-selective inhibitors would also be useful for studying the endogenous role(s) of the enzyme by examining the effects of inhibition upon downstream biological products. There are a number of different structural motifs that have been developed to inhibit CaEs, with recent research efforts designed to increase the specificity of inhibition. Many of the early CaE inhibitors were related to organophosphates (OPs) and exerted their inhibitory effect by covalently modifying the enzyme. 24 Another family of potent esterase inhibitors are the trifluoromethyl ketones (TFKs), which have been used to effectively inhibit a number of CaEs including juvenile hormone esterase, 25 mouse and porcine liver CaEs, 26 and human CaEs. 27 TFKs are transition state analogs that form a reversible covalent bond with the enzyme, after undergoing nucleophilic attack by the catalytic serine. 28 A key feature lacking in these different classes of inhibitors is specificity. Both OPs and TFKs inhibit a wide swathe of esterases and do not demonstrate selectivity, which is highly desired for potential therapeutic applications as discussed above. A series of isoform-selective inhibitors of mammalian CaEs has been reported that includes sulfonamides, 23 aromatic ethane-1,2-diones based upon a benzil structure [29] [30] [31] and a number of subsequent derivatives including indole-2,3-diones 32 and fluorobenzils. 33 The aromatic ethane-1,2-diones in particular demonstrated excellent selectivity among a rabbit CaE and two different human CaEs (hCE1 and hiCE). 29 Given the high similarity among different CaEs, the selectivity exhibited by the aromatic ethane-1,2-diones is very interesting. hCE1 and hiCE share 47% amino acid sequence identity and rCE shares 81% and 46% sequence identity with hCE1 and hiCE, respectively. Initial 3D-QSAR analysis indicated that the selectivity afforded by these compounds was partly due to steric interactions and repulsions within the enzyme active sites. 29 Further analysis demonstrated that when the carbonyl oxygen atoms of the 1,2-diones are cis-coplanar, the compounds demonstrate specificity for hCE1 and that conversely, when the dione oxygen atoms are not planar (or are trans-coplanar), the compounds are more potent hiCE inhibitors. 31 However, the full details of the selectivity are still unknown. Accordingly, to further examine this issue, this study combined a series of different aromatic ethane-1,2-diones to generate a CoMFA 3D-QSAR model in order to examine the electronic and steric parameters that contribute to the observed inhibition selectivity. A number of TFK-based CoMFA models were also generated, with specific emphasis on the geometry of the inhibitor, either ketone or gem-diol. The optimal TFK model was then combined with the model for the 1,2-dione motif in order to present a comprehensive CoMFA model of CaE inhibition. Together these results provide further information on the parameters necessary to selectivity inhibit mammalian CaEs and will be useful in the future design of second generation inhibitors.
Results

Classical QSAR analysis for the benzil-analogs
It has been previously demonstrated that the molecular hydrophobicity or the length of the alkyl chain of TFK compounds correlates positively with the potency of CaE inhibitors. 28 Accordingly, the initial classical QSAR models for the benzil derivatives included a number of physicochemical properties centered on hydrophobicity and steric bulk using a Hansch-Fujita type analysis. 34 L and B 5 are the STERIMOL length and width parameter, respectively, in Ångströms from the axis, with L representing the length of the substituent along the axis connecting to the alpha atom of the substituent with the rest of the molecule, and B 5 representing the maximum width from the L-axis. 35 As shown in Table 1 36 We evaluated a new steric parameter for the A-ring moiety (less substituted benzene ring, see Table 1 for a description of the A-and B-rings) that combined the steric effects of all substituents on the benzene ring. As described in Section 5, the two benzene rings are distinguished according to the substitution pattern, with the more substituted benzene ring termed the B-ring. Even though the QSAR correlations were poor, we were able to derive significant correlations using the volume parameter and log P as shown below. Inactive compounds were excluded from the analyses. In these and the following equations, n is the number of compounds used for regression analyses, s is the standard deviation, r is the correlation coefficient, and F is the F-statistics value. The numbers in parentheses are 95% confidence intervals for each coefficient by t-test. The addition of the log P value increased the statistical significance of Eq. (2) (s = 0.661 and r 2 = 0.142 without log P), but did not improve Eq. (1) or Eq. (3). For the inhibition of hiCE, an optimum volume (3.7) of the A-ring moiety was observed. Interestingly, the inhibition of hCE1 was negatively correlated with the volume while the inhibition of rCE was positively correlated. The correlation coefficients of these three equations, however, were insufficient to explain the observed SAR, with values ranging from 0.202-0.348. Even though attempts to formulate significant correlations using the Hammett sigma constant were unsuccessful, the electrostatic effects are most likely important in enzyme inhibition. Accordingly, we constructed CoMFA models to explicitly examine the electrostatic effects.
3D-QSAR and CoMFA analysis for the benzil-analogs
CoMFA was performed with the combination of parameters including log P and volume (vol) for all active compounds shown in Table 1 and Figure 1 . Compounds were superposed as described in Section 5 ( Fig. S1 ). Because the number of active compounds was 632 (depending upon the enzyme), the maximum component number (m) was set as 6 in the initial cross-validation test to identify the optimum number of components.
All perturbations of log P, log P 2 , vol and vol 2 were examined for the three enzymes and the corresponding statistics of the cross-validations are listed in Figure 2 . Overall, the three different enzymes displayed distinct CoMFA maps, with very few fields in common. Generally, it appears that for all enzymes there is a small region of favorable positive electronic potential around the 5-and 6-positions of the A-ring, while hCE1 and rCE share a favorable negative potential region around the 4-position of the B-ring. In addition, there is a general trend of unfavorable steric bulk around the 3-and 4-position of the A-ring. A negative potential region is also found at the 4-position of the A-ring for hCE1. Because the external volume parameter was used for the A-ring (smaller ring) moiety, the steric effect of the CoMFA analysis was not as evident as that for the B-ring moiety. This effect is especially pronounced for hiCE, which displays a large sterically unfavorable region surrounding the A-ring. hiCE evidenced significant favorable positive potential in the space bridging the A-and B-rings, while this field was negative for hCE1 and weakly mixed for rCE. hCE1 displayed a significant favorable positive field around the 3-position of the B-ring, which was negative for rCE and mixed for hiCE. There is a sterically unfavorable region at the 4-and 5-positions of the B-ring for rCE and a small favorable region appears at the 4-position of the B-ring for hiCE. The observed and predicted inhibition constants for the three enzymes using the optimal classical QSAR and CoMFA equations are provided in Table 3 .
Classical QSAR analysis for the TFK compounds
The inhibition of CaE activity by TFK-containing compounds was previously quantitatively analyzed using another 3D-QSAR procedure (Quasar 5.0) by Wadkins. 27 They demonstrated that the activity correlated with log P or length of the alkyl group for a set of sulfur-containing compounds with a terminal -COCF 3 group. However, in their discussion, sulfoxide and sulfonyl-type compounds with -COCF 3 (keto form) as well as the corresponding gem-diol form were not included. In this study, the TFK QSAR models were generated by first analyzing all compounds using the classical Hansch-Fujita QSAR method. 34 The steric parameters STERIMOL L and B 5 were used for the alkyl chain after the oxygen atom and the sulfur atom (as well as its oxidized analogs). For compound 39, octyl was used as the alkyl chain. The results for all three enzymes in the benzil-based CoMFA studies showed that log P was an important parameter in describing inhibitor potency (Table 2) , which agreed with earlier TFK-based CoMFA studies. 37 Accordingly, log P was used to begin the construction of the TFK-based models. Initially, inhibitor geometry was chosen after those published by Wadkins, 27 where the hydration state of the ketone was based upon 1 H NMR observations. The data reported by Wadkins 27 determined K i values for 5 min and 24 h incubation of enzyme and inhibitor. For the development of the initial classical QSAR models, the 5 min data were employed. This approach generated statistically significant equations for all three enzymes that described the majority of biological activity (Eqs. (7)- (9)). a The statistical quality of the models is described in terms of: q = leave-one-out cross-validated correlation coefficient, s press = cross-validated standard error, m = number Table 1 .
pK i ðhiCEÞ ¼ 0:652ðAE0:156Þ log P þ 3:960ðAE0:571Þ Results showed no significant differences between the QSAR equations for mixed geometries or selected geometries. Interestingly, the largest log P value for the TFKs analyzed in this study was for compound 33, which had values of 6.07 for the gem-diol and 6.63 for the ketone. However, both values are lower than the predicted optimum values in Eqs. (9a) and (9b) (6.77 and 7.61, respectively). However, without the squared log P term, the correlations were worse (s = 0.429; r 2 = 0.748) than those of (9a) and (9b) as shown below. For hiCE and hCE1, the addition of the squared log P term improved the correlation, but the log P 2 and B 5 parameter became insignificant (hiCE: B 5 > 74.5%, log P 2 > 87.4%; hCE1: log P > 82.7%). Accordingly, as these values were less than the >95% cut-off normally employed, the resulting equations are not shown. Interestingly, the inhibition of all three CaEs correlated strongly with hydrophobicity (the correlation coefficients, r 2 , for log P only were: hiCE = 0.85 and 0.83 for the gem-diol and ketone, respectively; hCE1 = 0.52 and 0.49 for the gem-diol and ketone, respectively; and rCE = 0.61 and 0.58 for the gem-diol and ketone, respectively). The correlations with the squared log P term were also strong, but (5)) and (C) rCE (Eq. (6)). The template molecule is 1-(3,4-dimethylphenyl)-2-phenylethane-1,2-dione (12) . The contours are shown to surround regions where a higher steric bulk increases (green) or decreases (yellow) the inhibitory activity and a negative (red) or positive electronic potential (blue) amplifies biological activity.
consistently weaker than for the log P term, whereas the steric parameters evidenced weak or no correlations (the correlation coefficients for steric parameters were: hiCE = 0.71 and 0.69 for L and B 5 , respectively; hCE1 = 0.30 and 0.25 for L and B 5 , respectively; and rCE = 0.41 and 0.40 for L and B 5 , respectively). The inhibition of hCE1 was enhanced with the molecular hydrophobicity, but decreased with the maximum width (B 5 ) of alkyl groups. The observed and predicted K i values for the TFK-inhibitors are shown in Table 4 .
3D-QSAR analysis for the TFK compounds
Because earlier work had demonstrated that the ketone form of TFK-inhibitors performed better in CoMFA analyses, the geometries (ketone vs gem-diol) were also separated in this study. 37 The incubation time of inhibitor and enzyme has also been shown to significantly affect the observed inhibition potency, with earlier studies evidencing distinct differences following a 5 min or 24 h inhibitor/enzyme incubation. 27 Accordingly, multiple CoMFA models were built using these four different conditions in order to determine which combination provided the most statistically significant model. The TFK-based inhibitors were superposed in both the gem-diol and ketone forms (Fig. S2) . The different correlations and parameters employed are shown in Table 5 for the gem-diol and Table 6 for the ketone. Results showed that the CoMFA statistics for the ketone geometry consistently were slightly improved over that for the gem-diol forms and that the 5 min incubation was significantly improved over the 24 h incubation. The best equations for the gem-diol geometry for all three enzymes are given below as Eqs. (10a), (11a), and (12a) (correlations 30a, 33a and 35a, respectively; 27 , in which the hydration of the gem-diol/ketone is shown based upon 1 H NMR observations. However, the compounds exist in a dynamic equilibrium between ketone and gemdiol in solution. c The log P value for the ketone is the first value and the gem-diol is given in parentheses.
pK i ðrCE; KetoneÞ ¼ 0:317 log P þ ½CoMFA terms þ 5:246 steric 52:1%;electrostatic 27:4%; log P 20:5% F 4;12 ¼ 84:517 ð12bÞ
As shown in Tables 5 and 6 , the addition of log P improved the correlation for all enzymes, which is consistent with what is known about TFK QSAR. The addition of the squared log P term improved the correlations for the human enzymes in the ketone geometry (Corr 38 vs 39 and 41 vs 42), but did not improve the correlation for rCE (Corr 44 vs 45). The CoMFA maps for both the gem-diol and the ketone are shown in Figure 3 . The maps are extremely similar for all three enzymes, with only slight variations in the field magnitude. In addition, the gem-diol and ketone exhibited very similar maps, with the ketone fields consistently displaying larger fields relative to the gem-diols. Key areas of biological interaction were centered around the sulfur moiety beta to the ketone/diol and then a number of steric interactions were observed along the carbon backbone of the aliphatic chain. For hiCE, a region where positive electronic potential increases inhibition potency was observed surrounding the beta/gamma position to the ketone/diol. This activity was most pronounced for thioether-containing compounds (33, 36, 40, 43, 47 and 48) . An area of beneficial steric bulk was observed for long chain sulfone-containing compounds (35 and 38) at the end of the alkyl chain template. For hCE1, the positive electronic potential surrounding the beta/gamma position to the ketone/diol only increased the inhibition potency for the non-sulfur substituted compound (39) . Two regions of beneficial steric bulk were observed, one for the thioether-containing compounds (33, 36, 40, 43, 47 and 48) in the middle of the alkyl chain template and one for sulfone-containing compounds (35, 38 and 42) at the end of the template chain. A region of unfavorable steric bulk was observed for the sulfoxide-containing compounds at the end of the alky chain template (34 and 37). The results for rCE were similar to hCE1, with the main difference being the absence of the sterically favorable region in the middle of the alkyl chain for the thioether-containing compounds. Figures S3-S5 describe the contour maps for all three enzymes in more detail.
3D-QSAR analysis for the benzil-analogs and TFK compounds combined
In order to develop a comprehensive model of CaE inhibition, the TFK and benzil models were combined. Because the ketone geometry with a 5 min inhibitor/enzyme incubation had been identified as the best model, those parameters were used in the combined TFK and benzil model. The resulting correlations are provided in Table 7 , with the three best equations shown below as (13) , (14) and (15 or not included (-) in the generation of the final equation. The statistical quality of the models is described in terms of: q = leave-one-out cross-validated correlation coefficient, s press = cross-validated standard error, m = number of components, r = conventional correlation coefficient, SE = conventional standard error. b Correlation 30a was selected as the best correlation and is shown as Eq. (10a) and displayed in Figure 3 . c Correlation 33a was selected as the best correlation and is shown as Eq. (11a) and displayed in Figure 3 . d Correlation 35a was selected as the best correlation and is shown as Eq. (12a) and displayed in Figure 3 . or not included (-) in the generation of the final equation. The statistical quality of the models is described in terms of: q = leave-one-out cross-validated correlation coefficient, s press = cross-validated standard error, m = number of components, r = conventional correlation coefficient, SE = conventional standard error. b Correlation 39a was selected as the best correlation and is shown as Eq. (10b) and displayed in Figure 3 . c Correlation 42a was selected as the best correlation and is shown as Eq. (11b) and displayed in Figure 3 . d Correlation 45a was selected as the best correlation and is shown as Eq. (12b) and displayed in Figure 3 .
As described above, the QSAR models differed between the benzil-analog and TFK compounds, which is expected based upon their structural differences. Accordingly, combining both groups of compounds into a single model should provide a greater indication of the physicochemical parameters involved in CaE inhibitor binding and potency. The benzil-analogs and TFK compounds were superposed using four common atoms -CC(O)C-to execute the CoMFA analysis; however significant results were not expected due to the poor superposition between the benzil and TFK compounds (Fig. 4) . Surprisingly, the statistical quality of the models (Table  8) show that the combined models effectively described a significant portion of observed biological activity, with model quality varying on an enzyme-specific basis. The mixed model for hiCE was superior to the benzil-only model (r 2 these results is that a mixed model of CaE inhibition based upon structurally divergent compounds can describe from 85% to 92% of observed biological activity. The resulting CoMFA maps for the mixed models are displayed in Figure 5 . The main differences in the combined models relative to the initial benzil-analog models involve an increase in the description of the steric fields in the active site. For all three enzymes, large regions of unfavorable steric activity are observed surrounding the upper portion of the B-ring, whereas steric bulk is favorable in the lower portion of the B-ring. In addition, the extent of the steric fields surrounding the A-ring were reduced in the combined model, with a small sterically favorable field around the 3-, 4-and 5-positions of hCE1 and rCE and an unfavorable field around the 4-and 5-postions in hiCE. Notably, the inhibition of hCE1 correlated negatively with the steric effects, suggesting that the active site gorge of hCE1 is smaller than that of hiCE and rCE. However, it is possible that if the alkyl group 'tails' of the TFK-inhibitors were not in extended conformations that a better superposition and subsequently improved model may have been generated.
To construct the mixed model, the volume parameters were calculated for the benzil-analog A-ring and the CF 3 moiety of the TFK-containing inhibitors. The volume parameters were previously identified as significant for the benzil-analog model, but insignificant for the TFK-based model. Results for the mixed model showed that the vol 2 term was only significant for hCE1. This finding is due to the contributions of the TFK-containing inhibitors, which all have identical volumes and is consistent with the TFK-only CoMFA. This result demonstrates an important caution when generating combined models from compounds with significant structural divergence. In this case, the lack of variability in the volume of the TFK-containing inhibitors reduces the overall statistical significance of this parameter in the final model, thereby masking this important parameter. Overall, the combined model suggests that maximum inhibitor potency and selectivity can be achieved through a combination of the two scaffolds, with the benzil-analog A-ring conveying selectivity, the 1,2-dione moiety necessary for biological activity, and the TFK alkyl chain providing potency.
Discussion
Previous work with benzil-analogs identified the necessary physiochemical properties for efficient selective inhibition of mammalian CaEs: (1) the 1,2-dione moiety, (2) aromatic (or potentially highly hydrophobic) domains adjacent to the dione and (3) substitutions on the aromatic rings that do not impede inhibitor access to the active site. 29 The results of the QSAR analyses performed in this study were consistent with these properties. In particular, the need for highly hydrophobic domains adjacent to the dione was observed. This point is further strengthened by the benzil-TFK mixed model, which suggested that the hydrophobic aliphatic chain of the TFK-inhibitors would enhance benzil-analog inhibition potency. In addition, the substitutions on the A-ring were found to be extremely important for inhibitor selectivity. The models were not able to evaluate the necessity of including the 1,2-dione, as this moiety was defined by the user to be the basis of the compound alignment for the CoMFA analysis. However, the importance of the electron-deficient ketone in the inhibitory mechanism of nucleophilic catalytic mechanisms has been well-established in the literature. 29, 31, 38 A number of previous studies have examined the physicochemical parameters surrounding TFK-mediated CaE inhibition using both classical and 3D-QSAR. 27, 28, [37] [38] [39] However, the majority of these studies focused on the insect ortholog (juvenile hormone esterase, JHE). This study is the first to our knowledge to build either classical or CoMFA-based models to examine TFK-mediated inhibition of mammalian esterases. Because previous studies have shown that the geometry of the inhibitor can be important for inhibition potency and model construction, we built a series of models where all inhibitors were in either the ketone or the gem-diol conformation. One of the remaining questions regarding TFK-mediated esterase inhibition involves the active form of the inhibitor geometry during the inhibition process. Previous CoMFA-based studies with JHE suggested that the ketone was the active form a The parameters employed in the CoMFA analysis are indicated as included (s), or not included (-) in the generation of the final equation. The TFK data are for the ketone geometry with K i values for a 5 min incubation. The statistical quality of the models is described in terms of: q = leave-one-out cross-validated correlation coefficient, s press = cross-validated standard error, m = number of components, r = conventional correlation coefficient, SE = conventional standard error. b Correlation 49 was selected as the best correlation and is shown as Eq. (13) and displayed in Figure 5 . c Correlation 61 was selected as the best correlation and is shown as Eq. (14) and displayed in Figure 5 . d Correlation 65 was selected as the best correlation and is shown as Eq. (15) and displayed in Figure 5 . based upon superior model statistics relative to the gem-diol-based models. 37 These results were further confirmed in this study with mammalian CaEs in that for all three enzymes examined, the ketone-based models evidenced improved statistical power relative to the corresponding gem-diol models. The magnitude of the difference was small, but the consistency of the trend is further evidence to support the hypothesis that the ketone geometry is the 'active' form of the inhibitor. However, this hypothesis still needs to be confirmed with experimental evidence. Interestingly, for the classical QSAR model, no significant differences were observed between the ketone and gem-diol geometries. Earlier work with JHE showed significant differences between the ketone and gem-diol models (r 2 = 0.72 and 0.69, respectively). 37 Accordingly, the evidence to date indicates that the ketone is the active form of the inhibitor, but that the energy difference is extremely small. This would suggest that the interconversion between ketone and gem-diol is facile and does not represent a limiting factor in the inhibition process. Aliphatic TFK-containing inhibitors tend to exhibit a strong positive correlation with lipophilicity; 28 however, the inhibition potency can be affected by specific structural substitutions that do not affect the overall hydrophobicity or volume of the molecule. This correlation tends to be weaker for cyclic or branched chain aliphatic inhibitors. TFKs are considered to be slow tight-binding inhibitors, with binding equilibrium reached on the order of hours to days. 38, 40 Accordingly, published data has examined equilibrium times of 5 min to 24 h. 27 Based upon these previously published works, we hypothesized that the models generated from data sets of increased equilibrium times would provide statistically improved results as the system had been given sufficient time to reach 'true equilibrium'. However, the opposite effect was observed in that the models generated with 5 min K i data were vastly superior. The exact reasons behind these observations are unfortunately unclear. It is possible, that a 24 h enzyme:inhibitor incubation resulted in loss of enzyme activity, thus affecting the observed inhibitor potency. However, similar studies with benzil-analogs did not observe significant differences in inhibition potency between a 1 h and a 24 h enzyme:inhibitor incubation. 29 Previous work examining the effect of extended enzyme:inhibitor incubations using porcine liver CaE with TFKs showed significant loses in enzyme activity by 24 h (data not shown). It may therefore be necessary to have stabilizing cofactors present in the assay system for extended incubations. Ideally, a series of time-points should be examined, with a structural range of compounds examined for enzyme inhibition at time-points ranging from 5 min to 24 h. By combining the individual CoMFA models for benzil-analogs and TFK compounds, we were able to construct a more inclusive model of CaE inhibition. Both classes of compounds inhibit CaE activity through a similar mechanism that involves nucleophilic attack by a catalytic serine residue. However, benzil-mediated inhibition involves a cycling reaction in which the serine residue ) were determined for experimental and predicted K i values for each QSAR equation. The individual experimental and predicted K i values for the benzil-analogs are given in Table 3 , for the TFK compounds in Table 4 and for the mixed TFK and benzil model in Supplementary Table S1 .
b Eqs. (1)- (3) are for the classical QSAR analysis for the benzil-analogs (n 6 32).
Eqs. (4)- (6) (14)) and (C) rCE (Eq. (15)). The template molecule is 1-(3,4-dimethylphenyl)-2-phenylethane-1,2-dione (12) . The contours are shown to surround regions where a higher steric bulk increases (green) or decreases (yellow) the inhibitory activity and a negative (red) or positive electronic potential (blue) amplifies biological activity. attacks one of the carbonyl groups to form a reversible covalent intermediate that can revert to benzil and the free enzyme. Benzil can also be hydrolyzed to the two benzyl ring products benzaldehyde and benzoic acid. 20 TFK-mediated CaE inhibition involves a direct nucleophilic attack on the carbon atom of the ketone (or potentially the gem-diol) to form the transition state analog complex. This process is reversible; however, hydrolysis products have not been observed. Accordingly, the inhibition mechanisms are sufficiently similar that a unified CoMFA model could be constructed. A major caveat though is the fact that the superposition of the compounds is performed manually, with the superposed atoms defined by the user, thereby introducing significant bias into the system. For this study, it has been established that the ketone moiety is vital for CaE inhibition with either benzil-analogs or TFKs. Accordingly, both atoms of the carbonyl moiety as well as an adjacent carbon atom on each side of the carbonyl were used as the template for the superposition (Fig. 4) . According to Bencharit, 41 the opening of the hCE1 active site gorge is at the top of the enzyme and the catalytic amino acids reside at the bottom. The active sites of hCE1 exist as relatively hydrophobic deep gorges within the enzymes. It is likely that the gorge size varies among the different CaEs. As shown in Eqs. (1)- (3), the gorge of the inhibitor binding cite appears to be larger in rCE compared to that of the human enzymes. Interestingly, there is also a difference in gorge size between hiCE and hCE1, with hiCE appearing to be larger than hCE1. As shown above, the vol 2 term was significant in Eqs. (4) and (5), but not in Eq. (6), indicating that there is an optimum volume for inhibition of the human enzymes a Volumes are given for the substrate hydrolysis products: the acid and the alcohol, with the alcohol value in parenthesis. The carbonyl group was excluded from all calculations. In cases where the substrate contains multiple ester moieties (cocaine and heroin), the volumes are given for the hydrolysis products of each ester. Volumes are not given for lactone hydrolysis in the statins (simvastatin and lovastatin) as the acid and alcohol moieties are still linked following hydrolysis. b The log P values were calculated with the program ClogP as described in Section 5. Values in parentheses are measured log P taken from literature sources. 48 [calculated to be 3.4 for hiCE (Eq. (4)) and 0.69 for hCE1 (Eq. (5))]. The volume range of the benzil-analogs is 2.66-4.59 (Table 3) . Accordingly, the optimal volume of hCE1 means that inhibition increases with decreasing volume, while the volume parameter for rCE positively correlated with inhibition, and the optimal volume for hiCE was in the range of the benzil-analogs (3.4). These results demonstrate that the volume parameter plays a role in CaE selectivity. It is important to stress that these results do not contradict that of the TFK-containing compounds, which did not evidence selectivity (the volume range was 2.01-2.02). Because all TFK-containing inhibitors have the same volume for the CF 3 group, there is no volume variability and subsequently the parameter is not significant in model construction. This fact heavily influenced the 3D-QSAR analysis for the combined TFK/benzil model resulting in a significant reduction of the significance of the volume in generation of the model. The models developed in the current study support previously published work reporting that the volume of the esterase active site is important for isoform-selectivity. 12, 17, 41 Towards this end, the volumes of the acid and alcohol moieties of a number of CaE substrates were calculated to further explore isoform-selectivity (Table 9 ). CaEs are generally reported as exhibiting broad substrate selectivity; however, studies have shown that there are distinct isoform-specific preferences. Tang reported that hCE1 demonstrates selectivity for esters containing a large acid moiety (small alcohol), whereas the opposite is true with hiCE. 12 They applied an alcohol:acid size-based ratio to explain the observed substrate selectivity. hCE1, but not hiCE, was shown to hydrolyze clopidogrel (alcohol:acid volume = 1.78:7.21), whereas aspirin (alcohol:acid volume = 4.12:1.42) was preferably hydrolyzed by hiCE. This trend has also been observed in the hydrolysis of cocaine, which contains two esters. hCE1 hydrolyzes cocaine to benzoylecgonine (alcohol:acid volume = 1.72:7.22), whereas hiCE hydrolyzes the benzoyl group (alcohol:acid volume = 5.70:3.13) to give the ecgonine methyl ester. 8 CPT-11 is selectively hydrolyzed by hiCE (alcohol:acid volume = 10.22:5.96) 42 , whereas oseltamivir is preferred by hCE1 (alcohol:acid volume = 2.33:7.58). 13 However, the pyrethroid permethrin (alcohol:acid volume = 6.10:4.81) appears to be an exception, with hydrolysis $3-fold more rapid by hCE1 than hiCE, with exact rates dependent upon the stereochemistry. 43 45 greater than hCE1, respectively. Accordingly, these limited data suggest that an alcohol volume of $3 is the approximate cut-off between selectivity between hCE1 and hiCE. These observations are supported by Eq. (1) and Eq. (2) for hiCE and hCE1, respectively. These two equations were graphed in Figure S6 , intersecting at a volume of $3 and $6. Accordingly, these data agree with the above results for the alcohol:acid volume, suggesting that alcohol volumes >3 shift the isoform preference from hCE1 to hiCE and that alcohol volumes >6 shift the preference back to hCE1 from hiCE. Based upon the volume, it would be predicted that the fatty acid cholesteryl esters and palmityl-CoA would be predominantly metabolized by hCE1, whereas the cholesterol-lowering therapeutics simvastatin and lovastatin would be hydrolyzed by hiCE. However, this prediction is complicated because the statins contain multiple esters consisting of different sized alcohols and acids. Work by Fleming on mevastatin reported no observable hCE1-mediated hydrolysis, suggesting that it is a hiCE-mediated process; however in vitro studies showed that mevastatin is a weak inhibitor of hCE1. 20 There are of course multiple physiochemical interactions that are important for substrate binding and subsequent hydrolysis; however this simple volume parameter appears to be useful predictor. This information provides a potentially useful 'rule-of-thumb' to estimate which isoform will hydrolyze a given substrate and accordingly where in the body the substrate is likely to be metabolized. An important caveat is that it has been reported that the acyl-and alcohol-binding pockets of hCE1 can switch depending on which substrate is bound. 19 It is therefore possible that this alcohol:acid volume-associated trend does not hold constant. For example, 2-arachidonyl glycerol consists of a small alcohol (volume = 3.43) and a large acid (volume = 10.49), suggesting that it would be hydrolyzed by hiCE. However, measurement of 2-arachidonyl glycerol hydrolysis by p-nitrobenzyl esterase from Bacillus subtilis suggested that the purported binding mechanism was more similar to hCE1 than hiCE. 46 Based upon the models designed in the current study, isoformselective inhibition appears to be volume dependent. Accordingly, the variability in the A-ring of the benzil-analogs affords the observed selectivity, whereas the TFK-containing inhibitors do not vary in their volume on the 'A-ring' (the CF 3 moiety). Therefore next generation inhibitors should combine these two different scaffolds, employing the A-ring from the benzyl analogs with the long aliphatic chain of the TFK-inhibitors. A potential scaffold would be similar to 1-phenylpentadecane-1,2-dione, in which the A-ring substitution could be varied to control isoform-selectivity. This general scaffold is hypothesized to provide optimized selectivity and inhibition potency. The length of the alkyl chain could be varied to test inhibition potency. It would also be interesting to introduce various degrees of unsaturation into the alkyl chain to ascertain the ideal geometry.
Summary
This study has developed classical and 3D-QSAR models to describe the isoform-selectivity of mammalian CaEs. In addition, the geometry of the 'active' form of TFK-containing inhibitors was further examined, with results supporting that of previous studies suggesting that the ketone is the active form. However, the statistical differences between ketone and gem-diol based models was minimal, indicating that additional experimental investigations are required to determine the active inhibitor form. According to both the classical and 3D-QSAR models, the volume parameter was central in determining CaE-isoform-selectivity. This finding was successfully used to explain isoform-selective substrate hydrolysis, with the volume of the acid moiety of ester substrates predictive of isoform preference. This information could be useful in designing the next generation of isoform-selective CaE inhibitors. Towards this end, a general scaffold centered around a 1-phenylpentadecane-1,2-dione structure was suggested as a logical basis for future structural explorations. New isoform-selective inhibitors could be useful tools in elucidating the role of CaEs in fatty acid homeostasis, cholesterol trafficking and the development of cardiovascular disease.
Experimental
QSAR model development for the benzil-analogs
All structures used in this study are listed in Table 1 and Figure  1 . Molecule construction was performed using the SYBYL building module (ver 6.91; Tripos Co., St. Louis, MO, USA). All conformations were optimized using the semi-empirical molecular orbital method PM3 and atomic charges were calculated with AM1, another semi-empirical molecular orbital method, using MOPAC5.0. The coordinates of the crystal structure of benzil (1) were downloaded from the Cambridge database and saved as a mol2 file. 20 Compound 1 was used as a template to construct the other substi-tuted compounds. Although benzil is a symmetrical molecule, substitutions on the benzene ring can render the compound unsymmetrical. There are other complications in that the benzil bridge structure is symmetrical and there are three bonds with free rotations. Therefore, the conformation of each compound was fixed prior to superposition. Since two ortho (2) and (6) and two metapositions (3 and 3 0 ) were distinguishable for some structures, we attempted to assign these positions. Subsequently, substitution positions close to the carbonyl oxygens were defined as 2 and 2 0 as shown in Figure S7 . In this study, the B-ring generally contained a higher degree of substitution than the A-ring.
In the first step, we constructed four conformers (2,2 0 , 2,6 0 , 6,2 0 , 6,6 0 ) for o,o 0 -dichlorobenzil as shown in Figure S7 . In order to identify the most stable conformer, each conformer was optimized using PM3, even though two conformers (2, 6 0 vs 6,2 0 ) were not distinguishable in their ordinal planes. As a result of the calculations, the 2,2 0 -conformer (Pattern 1) was selected as the template for further calculations, even though the difference between Pattern 1 and 3 was only 4 kcal/mol with respect to the heat of formation energy.
Para-substituted compounds were constructed by adding the appropriate substituent to the benzil structure at either the 4 or 4 0 position. For compounds with meta-substitution, there are two potential configurations (3, 3 0 and 5,5 0 ). However, in this study we placed all meta-groups at the 5-(and 5 0 -) position and not at 3-(and 3 0 -) position, except for compounds containing a nitro group at the meta-position. It was found that this procedure resulted in improved results. The position of nitro-groups at the meta-position was fixed, on an enzyme dependent basis, in order to improve the CoMFA results. The 3,3 0 -nitrobenzil substitution was selected for hiCE and rCE, and the 5,5 0 -nitrobenzil substitution was used for hCE1. The six common atoms -C-C(@O)-C(@O)-C-were used in the lattice space (40.0 Å Â 40.0 Å Â 40.0 Å) to superpose compounds. The superposition of all 32 compounds is shown in Figure S1 .
QSAR model development for the TFK compounds
All conformations of TFK compounds were calculated according to previously published procedures. 37 The four common atoms -C-C(@O)-C-were used in the lattice space (28.5 Å Â 19.0 Å Â 25.0 Å) to superpose gem-diol-type compounds and (26.9 Å Â 23.6 Å Â 24.8 Å) to superpose ketone-type compounds.
QSAR model development for the mixed benzil and TFK model
The four common atoms -C-C(@O)-C-were used in the lattice space (29.3 Å Â 23.5 Å Â 24.7 Å) to superpose the benzil-analogs and ketone-type TFK compounds.
Determination of external QSAR parameters
Log P values were calculated using the program ClogP 47 (Windows Version 4.0, BioByte Corp; CA, USA) and substituent volumes were calculated using the SYBYL module, Molprop volume, and 1/ 100 calculated values were used as the volume parameter. The L and B 5 parameters were taken from literature sources. 48 
